The cell adhesion molecule L1 is a potent inducer of neurite outgrowth and it has been implicated in X-linked hydrocephalus and related neurological disorders. To investigate the mechanisms of neurite outgrowth stimulated by L1, attempts were made to identify the neuritogenic sites in L1. Fusion proteins containing different segments of the extracellular region of L1 were prepared and different neuronal cells were assayed on substrate-coated fusion proteins. Interestingly, both immunoglobulin (Ig)-like domains 2 and 6 (Ig2, Ig6) promoted neurite outgrowth from dorsal root ganglion cells, whereas neural retinal cells responded only to Ig2. L1 Ig2 contains a previously identified homophilic binding site, whereas L1 Ig6 contains an Arg-Gly-Asp (RGD) sequence. The neuritogenic activity of Ig6 was abrogated by mutations in the RGD site. The addition of RGD-containing peptides also inhibited the promotion of neurite outgrowth from dorsal root ganglion cells by glutathione S-transferase-Ig6, implicating the involvement of an integrin. The monoclonal antibody LM609 against ␣ v ␤ 3 integrin, but not an anti-␤ 1 antibody, inhibited the neuritogenic effects of Ig6. These data thus provide the first evidence that the RGD motif in L1 Ig6 is capable of promoting neurite outgrowth via interaction with the ␣ v ␤ 3 integrin on neuronal cells.
INTRODUCTION
The development of the nervous system requires specific cell-cell and cell-substrate interactions that direct the extension of axons and dendrites to their precise synaptic targets. The basis of these processes involves receptors on the neuronal growth cone that can recognize specific environmental cues in the extracellular matrix or on the surface of other cells (Dodd and Jessell, 1988; Goodman and Shatz, 1993; Tessier-Lavigne and Goodman, 1996) . The extension and orientation of growing neurites appear to result from the intracellular signaling cascades and cytoskeletal changes following receptor activation (Schuch et al., 1989; Ghosh and Greenberg, 1995) . Several classes of cell adhesion molecules have been identified as receptors for the promotion of neurite outgrowth, including members of the immunoglobulin (Ig) superfamily (Edelman and Crossin, 1991) , the integrins (Hynes, 1992) , and cadherins (Takeichi, 1991) .
The neural cell adhesion molecule L1 is predominantly expressed in the nervous system. The expression pattern, as well as the recent implication of L1 mutations in neurological diseases, point to a crucial role for L1 during neural development (Wong et al., 1995; Hortsch, 1996) . In vertebrates, L1 is expressed on fasciculating axons, postmitotic neurons of the CNS, Schwann cells, and sensory neurons (Martini and Schachner, 1986; Persohn and Schachner, 1987; Giese et al., 1992) . The differential expression of L1 at different stages of development suggests tightly regulated molecular interactions involving L1 (Daniloff et al., 1986; Moscoso and Sanes, 1995) . Cellular processes that involve L1 include neurite outgrowth (Lagenaur and Lemmon, 1987) , myelination (Martini and Schachner, 1986) , growth cone morphology (Payne et al., 1992) , cell migration (Lindner et al., 1983) , and long-term potentiation in the hippocampus (Lü thi et al., 1994) .
cDNAs of L1 and its homologues have been cloned from several vertebrate species. Their deduced amino acid sequences reveal that L1 is a large multidomain glycoprotein of ϳ200 kDa (Grumet et al., 1984; Bock et al., 1985; Moos et al., 1988; Hlavin and Lemmon, 1991) . It is a member of the Ig superfamily of recognition molecules, consisting of six Ig-like domains at the N-terminal region, followed by five fibronectin type III (FNIII) repeats, a transmembrane domain, and a cytoplasmic domain. L1 is known to mediate cell-cell adhesion by homophilic interactions (Miura et al., 1992) . In addition to cell-cell adhesion, substratecoated L1 has been found to be a potent inducer of neurite outgrowth from primary neurons (Hlavin and Lemmon, 1991) .
Several pairs of the Ig-like domains of mouse L1 have been shown to possess cell adhesion and neuritogenic activities (Appel et al., 1993) . However, in human L1, the homophilic binding site has been localized specifically to the second Ig-like domain (Ig2) (Zhao and Siu, 1995) . Furthermore, a neuritogenic site has been colocalized with the homophilic binding site to Ig2 of human L1, suggesting that L1-L1 interactions may trigger a signaling cascade leading to neurite outgrowth (Zhao and Siu, 1995) . L1 also interacts heterophilically with several extracellular matrix components and membrane proteins such as laminin (Grumet et al., 1993; Hall et al., 1997) , the proteoglycans neurocan and phosphacan (Friedlander et al., 1994; Milev et al., 1995; Grumet et al., 1996) , NCAM (Kadmon et al., 1990; Horstkorte et al., 1993) , TAG-1/axonin-1 (Kuhn et al., 1991; Felsenfeld et al., 1994) , F3/F11 (Brü mmendorf et al., 1993) , and integrins ␣ 5 ␤ 1 and ␣ v ␤ 3 (Ruppert et al., 1995; Montgomery et al., 1996) . Some of these interactions are also known to have an influence on neurite extension.
Recently, several reports have linked a group of heterogeneous mutations in L1 to several neurological disorders, such as X-linked hydrocephalus; mental retardation, aphasia, shuffling gait, and adducted thumbs (MASA) syndrome; and spastic paraplegia type 1 (Vits et al., 1994; Jouet et al. 1994 Jouet et al. , 1995 Kenwrick et al., 1996; Takechi et al., 1996) , which are now collectively known as the CRASH syndrome (for corpus callosum hypoplasia, retardation, adducted thumbs, spastic paraplegia, and hydrocephalus) (Fransen et al., 1995) . Most of them are missense mutations resulting in amino acid substitutions in either the extracellular domain or the cytoplasmic domain. The effects of these mutations on the interactions of L1 with L1 or with its heterophilic receptors may trigger a cascade of events leading to pathological development. Indeed, the deleterious effects of mutations in Ig2 on L1 homophilic binding and neuritogenic activities correlate very well with the severity of the neuropathological phenotypes of patients carrying these mutations .
Evidently, L1 plays an important role during brain development. A better understanding of its mechanisms of action will depend on our knowledge of its structure/function relationships. In this article, we investigate the ability of fusion proteins containing one or more extracellular domains of human L1 to promote neurite outgrowth from different neuronal cell types. We discover that, in addition to Ig2, a second neuritogenic site of human L1 exists in Ig6. This latter site is centered around the Arg-Gly-Asp (RGD) motif in Ig6. Interestingly, although Ig6 promotes neurite outgrowth from dorsal root ganglion (DRG) 1 cells, it fails to elicit any response from neural retinal cells. Because L1 is known to interact with integrins (Ruppert et al., 1995; Montgomery et al., 1996) , antibody perturbation studies were carried out. The results suggest that the ␣ v ␤ 3 integrin is responsible for binding the RGD sequence in Ig6 and for the promotion of neurite outgrowth. These results indicate that L1 uses at least two distinct mechanisms to promote neurite outgrowth: one is mediated via L1-L1 homophilic interaction and the other via L1-integrin interaction.
MATERIALS AND METHODS

Materials
pGEX-3X plasmid and glutathione-Sepharose 4B were purchased from Pharmacia Biotech (Toronto, Ontario, Canada). Trypsin-EDTA and N2 supplement were purchased from Life Technologies (Toronto, Ontario, Canada). Poly-l-lysine, p-phenylenediamine, diazobicyclo(2, 2, 2)octane, and the monoclonal antibody (mAb) W1B10 against chick ␤ 1 integrin subunit were purchased from Sigma (St. Louis, MO). The mAb LM609 against ␣ v ␤ 3 was kindly provided by Dr. David Cheresh (The Scripps Research Institute, La Jolla, CA). DiI was purchased from Molecular Probes (Eugene, OR). The bicinchoninic acid protein assay kit was obtained from Pierce Chemical (Rockford, IL). Domain-specific antibodies against L1 were raised in our laboratory as described previously (Zhao and Siu, 1995) .
Cell Lines and Culture Conditions
The Chinese hamster ovary cell line LR73 was provided by Dr. Clifford Stanners (McGill University, Montreal, Quebec, Canada). LR73 cells were cultured in ␣-minimum essential medium containing 10% fetal calf serum. The human L1 cDNA was obtained from Dr. Vance Lemmon (Case Western Reserve University, Cleveland, OH). The full-length L1 cDNA and L1 cDNA with the Ig2 coding region deleted (L1⌬2) were subcloned into the expression vector pRc/CMV (Invitrogen, San Diego, CA). An anti-sense-L1 construct was also made by inserting the L1 cDNA in the reverse orientation into the same vector. Standard recombinant DNA methods (Sambrook et al., 1989) were used in the construction of these expression vectors. The DNA constructs were transfected into LR73 cells as previously described . Transfected clones were selected using 400 g/ml of G418, followed by limiting dilution and clonal analysis for L1 expression. Stably transfected clones expressing comparable amounts of wild-type or mutant L1 were selected for further studies.
Construction and Expression of L1 Fusion Proteins
Construction of the expression vectors for the glutathione S-transferase (GST)-L1 fusion proteins containing the first three Ig-like domains (GST-Ig1-2-3), the fourth to sixth Ig-like domains (GST-Ig4-5-6), the five fibronectin type III repeats (GST-FNIII), and the second Ig-like domain (GST-Ig2) has been described elsewhere (Zhao and Siu, 1995) . The GST-Ig1-2-3 construct contains the cDNA fragment encoding the amino acid sequence of L1 between Arg-24 and Gly-351, the GST-Ig4-5-6 construct encodes the segment between Ile-352 and Pro-595, the GST-FNIII construct encodes the segment between Val-596 and Pro-1094, and the GST-Ig2 construct contains the segment between Glu-114 and Arg-209 (amino acid numbering according to Hlavin and Lemmon, 1991) . In all cases, the GST moiety was fused to the amino terminus of the fusion protein. The fragment coding for the fourth and fifth Ig-like domains (Ig4-5) between Ile-352 and Thr-499 was generated using the primers 5Ј-GAGAAT-TCACCGTACTGGCTGCACAAGC-3Ј and 5Ј-CCAATTTCTACGT-TGAGTCTTAAGAG-3Ј. The polymerase chain reaction (PCR) product was digested with BamHI and EcoRI and then subcloned into these two sites of pGEX-3X. The fragment coding for the sixth Ig-like domain (Ig6) between Gln-500 and Pro-595 was generated with the forward primer 5Ј-TGGGATCCAGATCACTCAGGGGC-3Ј and the reverse primer 5Ј-GCGAATTCTGGGATCCCGGCCCAGG-GCTCCCCAC-3Ј. The PCR product was digested with BamHI and subcloned into the BamHI site of pGEX-3X. To generate the mutated sixth Ig-like domain (Ig6(KGE)) containing the amino acid substitutions of Arg-554 with Lys and Asp-556 with Glu, the four-primer method (Higuchi, 1990) was employed, using the primers for Ig6 in conjunction with the mutant primers 5Ј-CATCACCTGGAAGGGG-GAGGGTCGAGACC-3Ј and 5Ј-GTAGTGGACCTTCCCCCTCCCA-GCTCTGG-3Ј. The final amplified product was digested with BamHI and subcloned into the BamHI site of pGEX-3X. The nucleotide sequences of these inserts were confirmed by double-stranded DNA sequencing using the T7 Sequencing kit (Pharmacia Biotech). The Escherichia coli strain JM101 was used for transformation, and transformed cells were selected at 37°C in LB medium with 100 g/ml ampicillin. Synthesis of fusion protein was induced by adding 0.1 mM isopropyl ␤-d-thiogalactopyranoside after A 600 had reached 0.6 -0.8, and cultures were shaken overnight at room temperature. After sonication of the cells, the GST-L1 fusion protein was purified from the soluble fraction of the cell lysate using a glutathione-Sepharose 4B column according to the manufacturer's protocol. Eluted proteins were dialyzed against phosphate-buffered saline (PBS) at 4°C and stored at Ϫ20°C.
Isolation and Culture Conditions of Neuronal Cells
Neural retinal cells and DRG cells were isolated from the neural retinal and intact lumbar ganglia, respectively, from E10 chick embryos. Dissection was performed in ␣-minimum essential medium and the tissue was incubated in Ca 2ϩ /Mg 2ϩ -free Hanks' balanced salt solution (HBSS) containing 0.25% trypsin and 1 mM EDTA. Cells were dissociated by gentle trituration. The cell suspension was centrifuged through a step gradient of 0.5 ml of 35% (wt/vol) bovine serum albumin in PBS and 1 ml of 3.5% (wt/vol) in PBS for 4 min at 400 ϫ g. Cells were collected at the interface of the step gradient, washed once in HBSS, resuspended in 1 ml of HBSS containing 25 M DiI, and incubated for 5 min at 37°C. Cells were washed twice in HBSS and resuspended in ␣-minimum essential medium containing N2 supplement. Neuronal cells were then seeded on protein-coated coverslips or monolayers of L1-transfected LR73 cells for the neurite outgrowth assay.
Neurite Outgrowth Assay
Round glass coverslips of 12-mm diameter were acid washed and autoclaved before being coated with 0.02% poly-l-lysine for 3 h at room temperature. After the coverslips were washed three times with water, they were coated with 80 l of fusion protein at 1 M concentration. The efficiency of protein adsorption to the substratum was estimated using the bicinchoninic acid protein assay after the coverslips were stripped with 50 l of 0.2% SDS. Routinely, 10 -20% of the input protein was found adsorbed to coverslips.
The neurite outgrowth assay was essentially as described by Sandig et al. (1994) . The substrate-coated coverslips were blocked with 1% bovine serum albumin and washed before the neuronal cells were seeded. In inhibition studies, domain-specific IgG, antiintegrin IgG, or recombinant proteins were added to the culture at a final concentration of 40 g/ml. Neurite extension was allowed to proceed for 20 h. Cells were then fixed for 20 min in 3.7% formaldehyde in PBS by gradually replacing the culture medium with the fixative. The coverslips were washed three times with PBS and mounted in Vinol, containing 1,4-diazobicyclo(2,2,2)octane and pphenylenediamine, to retard photobleaching. Samples were examined by epifluorescence microscopy and DRG cells bearing neurites were recorded onto a video cassette. Approximately 100 neurites were measured in each experiment. Only neurites with a length greater than one cell body width were measured. Most DRG cells cultured on fusion protein-coated coverslips bore a single axon-like neurite, and approximately the same percentage of cells extended neurites for each substrate. However, DRG cells cultured on LR73 transfectants usually had several neurites. In both cases, only the longest predominant neurite was measured for each neuronal cell.
RESULTS
Differential Neuritogenic Effects of L1 Fusion Proteins on Neuronal Cells
The ability of various L1 fragments to promote neurite outgrowth was assessed with the use of different embryonic neuronal cell types. In addition to neural retinal cells, initial studies showed that the fusion protein GST-Ig1-2-3 stimulated neurite outgrowth from chick embryonic hippocampal cells, DRG cells, and cerebellar cells (our unpublished data). Surprisingly, GSTIg4-5-6, which previously was found not to affect retinal cells (Zhao and Siu, 1995) , stimulated the outgrowth of neurites from hippocampal cells and DRG cells. Because the neuritogenic activity of GSTIg4-5-6 was most prominent with DRG cells, they were chosen for more detailed analyses.
DRG cells and neural retinal cells were isolated from E10 chick embryos and were cultured on substratecoated fusion proteins containing different extracellular fragments of L1. After 20 h of culture, cells were fixed and the lengths of the longest neurite extended from neuronal cells were recorded. GST-Ig1-2-3 promoted neurite outgrowth from neural retinal cells whereas GST-Ig4-5-6 did not ( Figure 1D ). However, both GST-Ig1-2-3 and GST-Ig4-5-6 promoted neurite outgrowth from DRG cells (Figure 1, A and B) . Similar to neural retinal cells, the majority of DRG cells extended a single, long, and slender neurite. Occasionally, one or two additional neurites were present, but usually one neurite was predominantly longer than the other. The neuritogenic effects of GST-Ig-4-5-6 were abrogated when the substrate was precoated with anti-Ig4-5-6 Fab before the seeding of DRG cells ( Figure 1C) , indicating that the neuritogenic activity was associated with the Ig4-Ig6 domains of L1.
Quantitative data were obtained by measuring neurite lengths of neuronal cells cultured on different protein substrates. The cumulative plots for DRG cells are shown in Figure 2A . DRG cells cultured on GST-FNIII had only background levels of neurite outgrowth, similar to those cultured on GST. On both substrates, Ͼ50% of neurites were Ͻ25 m in length, with the mean neurite lengths ranging between 30 and 35 m ( Figure 2B ). On the stimulatory substrates, GST-Ig1-2-3 and GST-Ig4-5-6, neurites were longer and had a wider range of size distribution, whereas ϳ80% of the cells had neurites Ͼ25 m (Figure 2A) . Similar results were obtained using DRG cells isolated from embryos between E5 and E12 (our unpublished data), suggesting that there was no stage-dependent difference in their response to these L1 fusion proteins.
We previously found that L1 Ig2 contained both homophilic binding and neuritogenic activities (Zhao and Siu, 1995) . When the GST-Ig2 fusion protein was assayed using DRG cells, it was as effective as GSTIg1-2-3 and GST-Ig4-5-6, yielding similar distribution profiles of neurite lengths ( Figure 2A ) and mean neurite lengths of 66.2 m, 65.6 m, and 62.7 m, respectively ( Figure 2B ). Similar results were obtained with intact rat L1, which was included as the positive control.
Neural retinal cells isolated from E10 embryos yielded mean neurite lengths of 71 m and 64 m when cultured on GST-Ig1-2-3 and GST-Ig2 substrates, respectively ( Figure 2C ). No significant neurite outgrowth above the GST control was observed for cells cultured on GST-Ig4-5-6 and GST-FNIII substrates. These results are essentially identical to those obtained with E5/E6 retinal cells (Zhao and Siu, 1995) , suggesting that there is no change in the responsiveness of retinal cells to L1 fragments between these two embyonic stages.
Promotion of DRG Neurite Outgrowth by L1 Expressed on LR73 Cells
The ability of L1 to promote neurite outgrowth was also examined by the use of LR73 transfectants expressing either wild-type L1 or mutant L1 with Ig2 deleted (L1⌬2). LR73 cells do not express endogenous L1, but they provide a more physiological environment for L1 presentation. If a second neuritogenic site exists outside of Ig2, both L1 and L1⌬2 should be able to promote neurite outgrowth from DRG cells. Indeed, deletion of Ig2 did not abrogate the neuritogenic activity of the mutant L1. Both wild-type L1 and the mutant form L1⌬2 on the surface of LR73 cells promoted neurite outgrowth from DRG cells. Moreover, DRG cells cultured on monolayers of LR73 transfectants developed a more complex morphology than those cultured on substrate-coated L1 fusion proteins. They showed more spreading, and a much greater proportion of cells possessed multiple neurites ( Figure  3A ). Many neurites contained multiple branches and prominent growth cones at their tips.
DRG cells cultured on a monolayer of L1-LR73 transfectants had a mean neurite length of 105 m. Consistent with the above results, deletion of Ig2 did not abrogate the neuritogenic activity of L1, and cells cultured on L1⌬2-LR73 cells had a mean neurite length of 104 m ( Figure 3B ). In contrast, L1⌬2-LR73 cells did not support neurite outgrowth from neural retinal cells (our unpublished data). These results confirm the presence of a second neuritogenic site outside Ig2, which can elicit a cell-typespecific response. 
Localization of Neuritogenic Activity to Ig-like Domain 6
The results shown in Figures 1 and 2 indicate that the second neuritogenic site is present within Ig-like domains 4 -6. A potential location of this site is Ig6 because it contains an RGD sequence, which is a known integrinbinding motif. To test this hypothesis, GST-L1 fusion proteins containing Ig4 and 5 (GST-Ig4-5) and Ig6 (GSTIg6) were constructed and expressed in bacteria ( Figure  4A ). Soluble fusion proteins were purified and analyzed by SDS-PAGE. Under reducing conditions, the fusion proteins migrated close to their expected molecular sizes ( Figure 4B ). The lower molecular weight bands that copurified with the fusion protein showed immunoreactivity with anti-Ig4-5-6 antibodies ( Figure 4C ), suggesting that they were degradative products of the recombinant proteins.
The fusion proteins were assayed for their ability to promote neurite outgrowth from DRG cells. When cultured on the GST-Ig6 substrate, both the pattern of neurite length distribution and the mean neurite length (75 m) were almost identical to those obtained with the GST-Ig4-5-6 substrate ( Figure 5, A and B) . In contrast, GST-Ig4-5 did not support neurite outgrowth and the mean neurite length of cells cultured on the GST-Ig4-5 substrate was 34 m, similar to that obtained with the GST-negative control ( Figure 5B ). Therefore, Ig6 alone is sufficient to promote neurite outgrowth from DRG cells.
Competition experiments were carried out to demonstrate the specific requirement for Ig6. When DRG cells were cultured in the presence of soluble GST-Ig6, neurite outgrowth was reduced to background level, whereas the addition of soluble GST did not result in any significant inhibitory effect ( Figure 5C ). Similarly, precoating the substratum with anti-Ig4-5-6 Fab before the seeding of cells reduced the neuritogenic activity of the GST-Ig6 substratum to background level ( Figure 5C ).
Inhibition of the Neuritogenic Activity of L1 Ig6 by RGD Peptides
To determine whether the RGD sequence between amino acid positions 554 and 556 in L1 Ig6 is respon- sible for the neuritogenic activity, synthetic peptides containing an RGD sequence were tested for their ability to inhibit Ig6-dependent neurite outgrowth. The peptide L1-RGD contained the L1 sequence between amino acids Pro-549 and Leu-563 ( Figure 6A ). In the absence of peptide competitor, DRG cells extended neurites with a mean length of 70 m on GST-Ig4-5-6 and 30 m on GST ( Figure 6B ). The addition of peptide L1-RGD in the assay inhibited neurite outgrowth in a dose-dependent manner. The mean neurite length of DRG cells was reduced to the background level at 1 mg/ml peptide L1-RGD ( Figure  6B ). Substitution of Gly-555 with Ala in the peptide L1-RAD resulted in the loss of inhibition ( Figure 6B ), highlighting the importance of the RGD sequence. Similar inhibitory effects were observed when peptide L1-RGD was added to DRG cells cultured on LR73 transfectants expressing L1⌬2 (our unpublished data).
To further demonstrate the sole requirement for the RGD sequence, a short RGD-containing peptide, Dd-RGD (derived from the RGD site of the discoidin-I molecule of Dictyostelium discoideum; Poole et al., 1981) , was tested in this assay. Peptide Dd-RGD inhibited neurite outgrowth on the GST-Ig4-5-6 substrate just as effectively as the peptide L1-RGD ( Figure 6B ). However, the control peptide Dd-P10 had no significant inhibitory effect.
Effects of Substitutions in the RGD Sequence in Ig6
To confirm the pivotal role played by the RGD sequence in promoting neurite outgrowth from neuronal cells, the RGD sequence in L1 Ig6 was changed to KGE and then expressed as a GST fusion protein (Figure 4) . The ability of the fusion protein GSTIg6(KGE) to promote neurite outgrowth from DRG cells was examined. Cells cultured on the GST-Ig6 substrate produced neurites with a mean length of 68 m, whereas the GST-Ig6(KGE) substrate yielded neurites with a mean length of 37 m (Figure 7) . The mean neurite length in the latter case was similar to that of cells plated on GST. Consistent with our observations for GST-Ig4-5-6, neurite outgrowth of DRG cells on substrate-coated GST-Ig6 was inhibited by the peptide L1-RGD but not by L1-RAD (Figure 7) . Therefore, the ability of L1 Ig6 to stimulate neurite outgrowth is dependent on the RGD sequence.
The RGD Sequence Interacts with ␣ v ␤ 3 Integrin to Promote Neurite Outgrowth
The RGD sequence in Ig6 of L1 has been shown to bind ␣ v ␤ 3 integrin (Ebeling et al., 1996; Montgomery et al., 1996) . To determine whether the neuritogenic activity of the RGD sequence in L1 Ig6 was mediated by interaction with ␣ v ␤ 3 integrin, the mAb LM609, which specifically recognizes the ␣ v ␤ 3 integrin (Cheresh and Spiro, 1987) , was added to DRG cells cultured on substrate-coated fusion proteins. The inclusion of mAb LM609 in the assay resulted in reduction of neurite outgrowth to the background level for both GST-Ig4-5-6 and GST-Ig6 substrates, such that their mean neurite lengths were reduced to 38.5 m and 37.8 m, respectively ( Figure 8A ). The inhibitory effect of mAb LM609 was dose dependent. Fifty percent inhibition was achieved at ϳ15 g/ml and maximum inhibition was achieved at 40 g/ml IgG ( Figure 8B ). However, LM609 was unable to inhibit L1 Ig2-dependent neurite outgrowth from DRG cells ( Figure 8A ). In A, the GST-Ig6-coated coverslips were preincubated with anti-Ig4-5-6 Fab (250 g/ml) for 15 min at room temperature, washed to remove unbound Fab, and seeded with DRG cells. In B, the assay was carried out in the presence of soluble GST-Ig6 (40 g/ml). In C, GST (40 g/ml) was added to the assay. Data represent the mean Ϯ SD of three experiments.
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␤ 1 -dependent neurite outgrowth has been reported for chick DRG cells . Therefore, the effects of mAb W1B10, which recognizes the chick ␤ 1 integrin subunit, were also examined in the neurite outgrowth assay. In contrast to results obtained with LM609, mAb W1B10 did not significantly inhibit neurite outgrowth for DRG cells on the GST-Ig6 substrate ( Figure 8A ), indicating that the RGD sequence in L1 did not interact with ␤ 1 integrins to promote neurite outgrowth.
DISCUSSION
The data presented in this study indicate that the RGD sequence in the Ig-like domain 6 of human L1 promotes neurite outgrowth via interaction with ␣ v ␤ 3 integrin. L1 is expressed on the cell surface as an integral membrane protein, while L1 fragments of different sizes are shed by cells and become associated with the extracellular matrix Martini and Schachner, 1986; Sadoul et al., 1988; Poltorak et al., 1990 Poltorak et al., , 1993 Montgomery et al., 1996) . We have shown previously that Ig2 is capable of mediating L1-L1 homophilic binding and promoting neurite outgrowth from neural retinal cells (Zhao and Siu, 1995) . Conceivably, L1 fragments associated with the extracellular matrix may elicit different responses from different neuronal cells and, therefore, serve as specific guidance cues for axonal migration. Indeed, the effects of L1 Ig6 on neuronal cells are cell-type specific. Whereas Ig2 promotes neurite outgrowth from all neuronal cells tested so far, Ig6 stimulates neurite outgrowth from DRG cells but not from retinal cells. Because these two neuritogenic sites are located on two distantly separated Ig-like domains, each site may function independently. Previously, Appel et al. (1993) have shown that recombinant proteins consisting of mouse L1 Ig1-2, Ig3-4, or Ig5-6 exhibit varied degrees of neuritogenic activity when tested on small cerebellar neurons. Neither the neuritogenic sequences in these Ig pairs nor the mechanisms involved have been characterized. However, it is of interest to note that the human RGD motif in Ig6 is conserved in both mouse and rat L1 (Moos et al., 1988; Hlavin and Lemmon, 1991; Kobayashi et al., 1991; Prince et al., 1991) . Further experiments will be required to determine whether mouse L1 uses the same RGD motif to elicit neurite outgrowth. The RGD motif in Ig6, however, is absent in the chicken homologue NgCAM (Burgoon et al., 1991) , zebrafish L1 (Tongiorgi et al., 1995) , and Drosophila melanogaster neuroglian (Bieber et al., 1989) . Instead, chicken NgCAM has an RGD motif in its third FNIII domain. Because this RGD motif is not required for the neuritogenic activity of NgCAM (Burgoon et al., 1995) , it remains to be determined whether the RGD motif in NgCAM can interact with RGD-specific integrins.
An outline structure of the Ig domains in human L1 has been proposed (Bateman et al., 1996) based on sequence alignment with telokin, a member of the I set of Ig molecules with a known structure (Holden et al., 1992; Harpaz and Chothia, 1994) . This model suggests that the RGD motif would not be an active epitope because it is predicted to reside on the C ␤-strand and participate in intramolecular hydrogen bonding. Therefore, it is incompatible with our observation that the RGD motif can stimulate neurite outgrowth. Recently, a different model has been proposed for murine L1 based on electron microscopic analysis and computer-assisted modeling (Drescher et al., 1996) . Although Ig-like domains 1-5 in L1 have greatest sequence homology with telokin, Ig6 shows closest homology with the Fv fragment of IgG Iia (Hohne et al., 1993) . In addition to the conserved RGD motif found in human L1, murine L1 contains another RGD sequence in Ig6. The model predicts that both RGD sequences are located at the molecular surface within Vol. 9, February 1998 the turn structure between the CЈ and E ␤-strands and are available for binding with receptors (Drescher et al., 1996) . Furthermore, L1 Ig6 possesses greater surface hydrophobicity than the other Ig-like domains in their analysis, suggesting that it may participate more readily in intermolecular interactions.
The RGD motif was first discovered in fibronectin as a cell attachment site (Pierschbacher and Ruoslahti, 1984) and was subsequently found to be the recognition sequence for a number of integrin receptors (Ruoslahti, 1996) . X-ray crystallographic analysis of fibronectin and other RGD-containing proteins active in cell adhesion reveals that the RGD sequences are found in loop regions and typically form a type II ␤-hairpin turn (Leahy et al., 1996) . A glycine residue in the second position is generally required due to the conformational constraints of the turn (Richardson, 1981) . Our peptide inhibition studies also point to the importance of the glycine residue and are consistent with the notion that the RGD sequence in human L1 Ig6 is localized to a loop region.
The RGD sequences in both human and rodent L1 have been reported to interact with integrins in lymphocytes and tumor cells (Ruppert et al., 1995; Ebeling et al., 1996; Montgomery et al., 1996) . However, it is not known whether L1 binds RGD-specific integrins in the brain. Our study provides the first evidence that L1 interacts with integrin on neuronal cells and that this interaction can stimulate neurite outgrowth. Using specific blocking monoclonal antibodies, we identified the ␣ v ␤ 3 integrin as the neuritogenic receptor for the RGD sequence in L1. Although neurite outgrowth from chick DRG cells on fibronectin was shown to depend on the ␣ 8 ␤ 1 integrin (Mü ller et al., 1995) , we found that anti-␤ 1 antibodies failed to inhibit the neuritogenic activity of L1 Ig6, thus confirming the specificity of the L1-␣ v ␤ 3 interaction. Interestingly, immunostaining experiments show that the ␣ v ␤ 3 integrin is expressed in both retinal cells and DRG cells (Yip and Siu, unpublished data) . The reason that retinal cells fail to respond to L1 Ig6 is not known. Possibly, one or more essential elements in the ␣ v ␤ 3 -dependent signaling pathway may be absent in retinal cells.
The ␣ v integrin subunit is predominantly located in nervous tissues with strong expression in the neural tube during mouse development, and it becomes down-regulated in the adult brain (Hirsch et al., 1994) . The expression pattern suggests that ␣ v integrins may play an important role during development of the nervous system. For example, the adhesion of avian neural crest cells to vitronectin is primarily via ␣ v ␤ 1 , whereas migration involves ␣ v ␤ 3 and ␣ v ␤ 5 (Delannet et al., 1994) . Furthermore, the migration of oligodendrocyte precursors depends on ␣ v ␤ 1 (Milner et al., 1996) . We anticipate that ␣ v -dependent functions will become increasingly important to neural development.
In addition to L1, several cell adhesion molecules of the Ig superfamily have been found to contain the RGD motif. Among these are TAG-1/axonin-1 (Furley et al., 1990; Hasler et al., 1993) and the neurofascins (Volkmer et al., 1992) . Although all vertebrate neurofascins contain an RGD sequence in their third FNIII domain, the function of their RGD motif is not known. Similar to L1, the RGD sequence of TAG-1 is found in human and rat, but not in the chicken homologue axonin-1 (Zuellig et al., 1992) . Also, TAG-1 has been reported to interact with ␤1 integrins to promote neurite outgrowth (Felsenfled et al., 1994) . This interaction requires the participation of L1 and it is therefore not clear whether the TAG-1 RGD motif or the L1 RGD motif is involved in integrin binding.
The identification of the ␣ v ␤ 3 integrin as a neuritogenic receptor for L1 suggests a signaling pathway that may differ from the one triggered by L1-L1 homophilic binding. The signaling events of ␣ v ␤ 3 integrin probably involve the integrin-associated protein (IAP) CD47 (Lindberg et al., 1993; Mawby et al., 1994) , which is known to complex with the ␣ v ␤ 3 integrin to form a signal transducing unit (Zhou and Brown, 1993; Reinhold et al., 1997) . For example, IAP is required for integrin-dependent calcium entry in fibroblasts and endothelial cells (Schwartz et al., 1993; Tsao and Mousa, 1995) . Since Ca 2ϩ influx is a key step in integrin-dependent neurite outgrowth (Williams et al., 1992 (Williams et al., , 1994a , the initial steps of the ␣ v ␤ 3 signaling cascade likely involve the intimate association of IAP. Also, an alternatively spliced neural form of IAP is highly expressed in both central and peripheral nervous systems (Reinhold et al., 1995) . Further studies will be required to determine whether this form of IAP is involved in integrin-related events during neuronal cell differentiation.
The use of specific pharmacological reagents in inhibitory studies has helped to distinguish between integrin-dependent and NCAM/L1-dependent signaling pathways involved in the promotion of neurite outgrowth (Williams et al., 1992 (Williams et al., , 1994a . One model proposes that clustering of cell adhesion molecules, such as L1, NCAM, or N-cadherin, induces the activation of the fibroblast growth factor receptor, which in turn activates a signaling cascade leading to neurite outgrowth (Williams et al., 1994b; Saffell et al., 1997) . In other work, protein phosphorylation involving the nonreceptor tyrosine kinase pp60c-src has been shown to be an essential component in the early steps of the signaling pathway (Ignelzi et al., 1994) . Recently, the activation of c-src in M21 melanoma cells by osteopontin was shown to be dependent on the ␣ v ␤ 3 integrin (Chellaiah et al., 1996) . It will be of interest to determine whether the binding of L1 Ig6 with ␣ v ␤ 3 integrin will also lead to the activation of c-src in DRG cells. Since both NCAM/L1-dependent and integrindependent pathways lead to an influx of Ca 2ϩ , this P.M. Yip et al. may represent the point at which these two pathways converge.
L1 is a multidomain and multifunctional protein. In addition to the nervous system, L1 is expressed in epithelial cells of the intestine and the urogenital tract (Thor et al., 1987; Probstmeier et al., 1990; Kujat et al., 1995) . L1 expression has also been reported in leukocytes (Kowitz et al., 1992; Ebeling et al., 1996) and in a variety of malignant cells (Mujoo et al., 1986; Linnemann and Bock, 1989; Reid and Hemperly, 1992) . L1 shed into the matrix promotes the migration of lymphocytes and tumor cells (Montgomery et al., 1996; Duczmal et al., 1997) . These observations indicate that the significance of the homophilic and heterophilic interactions of L1 may extend beyond neural development and that L1 may participate in the normal morphogenesis of tissues as well as in the metastatic events of tumor cells. 
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